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Numerically Efﬁcient Modeling of CNT Transistors
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Abstract—This paper presents an efﬁcient carbon nanotube
(CNT) transistor modeling technique that is based on cubic spline
approximation of the nonequilibrium mobile charge density. The
approximation facilitates the solution of the self-consistent voltage
equation in a CNT so that calculation of the CNT drain–source
current is accelerated by at least two orders of magnitude. A
salient feature of the proposed technique is its ability to incor-
porate both ballistic and nonballistic transport effects without a
signiﬁcant computational cost. The proposed models have been ex-
tensively validated against reported CNT ballistic and nonballistic
transport theories and experimental results.
Index Terms—Carbon nanotube (CNT) transistors, circuit sim-
ulation, nonballistic effects, numerical modeling.
I. INTRODUCTION
C
ARBON nanotube (CNT) transistors have been demon-
strated to have potential of becoming an attractive so-
lution in addition to their silicon counterparts, mainly due to
their electrostatic properties, such as ballistic or near-ballistic
transport of electrons and very low conduction threshold volt-
ages [1]–[3], which make CNTs suitable for ultrahigh-speed
and ultralow-power circuit design. While physical properties
of CNTs are studied in greater depth and the theory of CNTs
becomes better understood, most state-of-the-art physical and
circuit-level models are currently concerning ballistic or near-
ballistic transport [1], [4]–[12]. There is a growing need for
numerically efﬁcient CNT models suitable for implementation
in circuit-level simulators, especially in the light of the recently
reported successful implementations of logic circuits built with
CNTs [13]. Very recently, breakthrough improvements to ac-
curate SPICE-compatible CNT transistor modeling have been
proposedwherenotonlytheballistictransportbutalsoanumber
of nonballistic effects have been included [11], [12]. However,
the main stumbling block in the development of a circuit-level
model is the fact that accurate calculation of the mobile charge
involves numerical integration of the densities of states over the
number of allowed energy levels using the Fermi probability
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distribution. In addition, as the total drain current is affected
not only by the nonequilibrium mobile charge in the nanotube
but also by the charges present at terminal capacitances, the so-
lution of an implicit nonlinear algebraic equation is necessary
using some iterative approach, such as the Newton–Raphson
method [1], [6]. Resulting CPU times are prohibitive for the
purpose of circuit simulation where networks involving large
numbers of such devices may need to be analyzed. For exam-
ple,theMATLABscriptnamedFETToy[14]availableonlineas
a reference implementation of the state-of-the art ballistic CNT
theory,requiresmorethan12softheCPUtimeonaPentiumIV
PCtocalculateafamilyofcurrentdraincharacteristicsforasin-
gle transistor [15]. Inclusion of nonballistic effects aggravates
the problem of excessive CPU time consumption.
It has been recently proposed to eliminate the need for costly
Newton–Raphson iterations and the numerical evaluation of the
Fermi–Dirac integral while still maintaining a good agreement
with the physical theory [8], [16]. These techniques are based
on piecewise approximation of the charge density proﬁles, ei-
ther linear [8] or nonlinear [16], to simplify calculations. In
this paper, we investigate the use of a cubic spline approxi-
mation of the charge density that, like the piecewise nonlinear
approximation, also allows a closed-form solution of the self-
consistent voltage equation. The main advantage of using cubic
splines is an improved control of the approximation accuracy.
Furthermore, as some theories on the nonballistic effects have
recently emerged [11], [12], [17]–[21], in addition to the bal-
listic transport model [16], we demonstrate how the proposed
approximation can be applied to include nonballistic behavior.
The approach presented in this paper addresses the need for
efﬁcient calculation of the IDS current resulting from ballis-
tic and nonballistic transport in the CNT itself. To develop a
complete CNT transistor model, a number of additional effects
representing nonidealities and parasitics, such as contact effects
or series resistances, which are external to the inner CNT tran-
sistor, also need to be considered.
II. MOBILE CHARGE DENSITY AND SELF-CONSISTENT
VOLTAGE
When an electric ﬁeld is applied between the drain and the
source of a CNT transistor, as illustrated in Fig. 1, a nonequi-
librium mobile charge is induced in the nanotube [1], [22], [23]
∆Q = q(NS + ND − N0) (1)
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Fig. 1. Structure layout of a top-gate CNT transistor showing components of
the proposed equivalent circuit model with the virtual node Σ for VSC.
where NS is the density of positive velocity states ﬁlled by the
source,ND isthedensityofnegative velocitystatesﬁlledbythe
drain,andN0 istheequilibriumelectrondensity.Thesedensities
are determined by the Fermi–Dirac probability distribution as
follows:
NS =
1
2
 +∞
−∞
D(E)f(E − USF)dE (2)
ND =
1
2
 +∞
−∞
D(E)f(E − UDF)dE (3)
N0 =
 +∞
−∞
D(E)f(E − EF )dE (4)
where D(E), USF, and UDF are deﬁned as
D(E)=D0
E

E2 − (Eg/2)2 Θ(E − Eg/2) (5)
USF = EF − qVSC (6)
UDF = EF − qVSC − qVDS (7)
where D(E) is the density of states at the channel, D0 =
8/(3πVccacc) is the constant density of states of a metallic
nanotube, and Eg is the bandgap that can be calculated using
2accVcc/d [14], where acc and Vcc are the carbon π–π nearest-
neighbor bond length and energy of the tight bonding model,
respectively. Θ(E − Eg/2) equals 1 when E>E g/2 and 0
when E ≤ Eg/2.
VSC is the self-consistent voltage, a recently introduced con-
cept [1] that illustrates that the CNT energy band is affected
by external terminal voltages, D(E) is the density of states,
EF is the Fermi level, f is the Fermi probability distribution,
q is the electronic charge, and E represents the energy levels
per nanotube unit length. The self-consistent voltage VSC is
implicitly related to the device terminal voltages and charges
at terminal capacitances by the following nonlinear algebraic
equation [1], [8]:
VSC =
−Qt + qNS(VSC)+qND(VSC) − qN0
CΣ
(8)
where Qt represents the charge stored in terminal capacitances,
and is deﬁned as
Qt = VGCG + VDCD + VSCS + VSubCSub (9)
where CG,C D,C S,and CSub are the gate, drain, source, and
substrate capacitances, respectively, and the total terminal ca-
pacitance CΣ is
CΣ = CG + CD + CS + CSub (10)
Cox =
2πk1ε0
ln((2tox + d)/d)
(11)
CSub =
2πk2ε0
ln(4HSub/d)
(12)
where d is the diameter of the CNT, HSub is the thickness
of the SiO2 layer on the substrate, tox is the thickness of the
gate insulator, and k1 and k2 are the relative permittivities of
the gate and the substrate, respectively [24]. Meanwhile, the
capacitances between terminals can be obtained as follows, as
reported previously [14]:
CG = Cox (13)
CS =0 .097Cox (14)
CD =0 .040Cox. (15)
And the addition of CSub also implies that the body effects
may be taken into account in further work. The standard ap-
proach to the solution of (8) is to use the Newton–Raphson
iterative method, and in each iteration evaluate the integrals in
(3) and (4) to obtain the state densities ND and NS.
III. CIRCUIT MODEL AND SPLINE-BASED APPROXIMATION OF
CHARGE DENSITIES
In an earlier work [15], we proposed to apportion equal parts
of the equilibrium mobile charge density N0 to the drain and
source. This facilitates circuit implementation of the model be-
cause now the corresponding nonequilibrium mobile charge
densities QS and QD can be modeled as nonlinear circuit ca-
pacitances, dependent on the self-consistent voltage VSC, and
connected between a conceptual inner node, which represents
the self-consistent potential, and CNT terminal nodes
QS(VSC)=q

NS(VSC) −
1
2
N0

(16)
and
QD(VSC)=q

ND(VSC) −
1
2
N0

. (17)
The resulting equivalent circuit is shown in Fig. 2, where Σ is
the hypothetical inner node described before, which comprises
alltheCNTcharges.ThecurrentIt representsthetunneling,one
of the nonballistic effects discussed in Section IV. IDS is the
transport current determined by the self-consistent voltage VSC.
If only ballistic transport is considered, IDS is equivalent to cur-
rentIDSB givenby(18)next.InSectionIV,weconsidermodels
of nonballistic effects that allow a more accurate representation
of the transport current IDS.
According to the ballistic CNT ballistic transport theory [1],
[14], the drain current caused by the transport of the nonequi-
librium charge across the nanotube can be calculated using the
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Fig. 2. Equivalent circuit for the proposed CNT transistor model.
Fermi–Dirac statistics as follows:
IDS0 =
2qkT
π¯ h

F0

USF
kT

−F 0

UDF
kT

(18)
where F0 represents the Fermi–Dirac integral of order 0, k is
Boltzmann’s constant, T is the temperature, and ¯ h is reduced
Planck’s constant.
If the self-consistent voltage VSC is known, the evaluation
of the drain current poses no numerical difﬁculty as energy
levels USF and UDF can be found quickly from (6), (7), and
IDS calculated directly using the closed-form analytical solu-
tion of the Fermi–Dirac integral of order zero [25]. However,
as it has already been highlighted before, the solution of the
self-consistent voltage (8) is very time-consuming because it
involves a Newton–Raphson iterative process in which each it-
eration requires numerical integration to obtain state densities
ND(VSC) and ND(VSC). This is the main drawback of general
methods in calculating charge densities. The next section out-
lines a piecewise approximation technique that eliminates the
need for these complex calculations while maintaining a high
modeling accuracy.
Ourearlierwork[16]proposedapiecewisenonlinearapprox-
imation technique that eliminates the need for these complex
calculations. Although the piecewise nonlinear approach was
demonstrated to be very fast and accurate in the transistor mod-
eling, it requires a complex ﬁtting process when deciding on
the number of approximation pieces and intervals of the ranges,
which makes this type of modeling inﬂexible. To improve the
ease of use of the model without losing much of the compu-
tational efﬁciency, a piecewise approximation of the mobile
charge based on cubic splines [26] can be used as an alterna-
tive. While cubic splines are generally cumbersome to apply in
semiconductor modeling where multidimensional approxima-
tionsareusuallyrequired,heretheyareparticularlysuitableand
easytoapplybecausethedependenceofnonequilibriummobile
chargeontheself-consistencevoltageis1-D.Asillustratednext,
the numerical efﬁciency of the ballistic CNT transport model
hinges on an efﬁcient calculation of the nonequilibrium mobile
charge. For the charge density deﬁned in Section II
Q(VSC)=
q
2
 +∞
−∞
D(E)f(E − EF − VSC)dE (19)
a simple spline structure can be build, using n equally spaced
points, to approximate the mobile charge dependence on VSC
using cubic polynomial pieces of the following form:
Q(VSC)=aiV 3
SC + biV 2
SC + ciVSC + di (20)
where ai, bi, ci, and di, i =1 ,...,n− 1 are spline coefﬁcients.
This enables a closed-form solution of the self-consistent volt-
age(8)as,foreachpiece,itnowbecomesapolynomialequation
of the third order. Thus, the need for costly Newton–Raphson it-
erations and evaluations of Fermi–Dirac integrals is eliminated.
IV. NONBALLISTIC TRANSPORT EFFECTS
Research into nonballistic transport in CNTs has recently
yieldedresults,andsomenewtheorieshavebeenreported.Stud-
ies of the energy domain reveal that the incommensurate system
within a nonideal nanotube implies the existence of a general
nonballisticregime[17].ThetransporttypeinCNTs,ballisticor
nonballistic,dependsontheenergyregion.Studiesoftheenergy
domainrevealthattheincommensuratesystemwithinanonideal
nanotube implies the existence of a general nonballistic regime
[17]. For a CNT transistor with the length smaller than the car-
riermeanfreepath(MFP)butlargerthantheCoulombblockade
length, the ballistic transport will dominate. To travel through
a single-defect Coulomb potential, the transmission coefﬁcient
can be calculated by Tdefect(E)=Gﬁlled(E)/Gempty(E) [18],
where E is the energy of the hole in a nanotube. Therefore,
the charging and discharging decides the maximum differential
conductance through single transport channels, and E is directly
determined by the terminal voltage VDS. For nonballistic CNTs,
this transmission coefﬁcient ﬂuctuation could be caused by mo-
bility ﬂuctuation. However, under the effects of scattering, E is
much smaller than qVDS in the case. It has also been shown that
a mismatch of helicity between adjacent shells may result in a
short MFP [19]. In addition, all kinds of likely defects, such as
vacancies,contamination,contacttothesubstrate,andadsorbed
molecules, may cause nonballistic transport [19]. In the light of
these results, the nonballistic transport in CNTs is likely to at-
tract more research attention in the near future. Next, we outline
four major nonballistic effects that have been implemented in
our numerical models.
A. Elastic Scattering
The elastic scattering mechanism in the CNT channel region
affects the channel resistance, and therefore makes a poten-
tial drop of the channel voltage. Assuming that MFP leﬀ is
proportional to the diameter of the nanotube [27], [28], which
is leﬀ = d/(d0)λeﬀ, where d0 is the reference diameter when
λeﬀ is the elastic scattering MFP [12], and the transmission
probability in the elastic scattering channel region can be ex-
pressed using Teﬀ = leﬀ/(L + leﬀ), where d is the CNT di-
ameter, λeﬀ ≈ 200 nm [29], and L is the channel length. The
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Fig. 3. Comparison of the drain currents at VG =0 .6 V,T = 300 K, EF =
−0.32 eV, and L = 300 nm for models with the elastic scattering effect:
FETToy model (dotted line), the FETToy-plus model (solid line), and the pro-
posed spline Model 1 with the elastic scattering effect (dashed line).
channel potential drop can hereby be derived as
VDSeﬀ =
L
L +( d/d0)λeﬀ
VDS. (21)
The contribution to the device current characteristics can be
computed directly from the variable voltage VDSeﬀ due to the
elastic scattering instead of the channel resistance, which sim-
pliﬁes the calculation efﬁciently [12]. Fig. 3 illustrates how the
drain current changes when the elastic scattering effect relating
to the channel length is considered.
B. Bandgap Tuning With Strain
It has been demonstrated that the transport property of a CNT
can vary under strain [30]. Measurements have shown that the
strainexerted onto ananotube can change thebandgap, and thus
affect the transport characteristics. The shape distortion formed
by the strain can be treated as a key factor when calculating the
extra bandgap caused by the effect
Egeﬀ = Eg +
dEgstrain
dχ
χ (22)
where Egeﬀ is the effective bandgap under strain, dEgstrain is
the gap shift due to the strain, and χ is deﬁned as the distortion
factor under strain.
It has also been indicated that the change rate of the bandgap
dEgstrain/dχ in the light of strain is chirality dependent, which
can be computed using
dEgstrain
dχ
=3 σ(1 + r0)sign(2p +1 ) cos(3φ) (23)
where σ is the overlap integral of the tight-binding C–C model,
with a value of circa 2.7 eV, r0 ≈ 0.2 is the Poisson’s ratio, φ
is the chiral angle of the nanotube, and p comes from the CNT
chirality: for a CNT with the chirality (m,n), m − n =3 l + p,
where l and p are both integrals. It is indicated that the chirality
Fig. 4. Comparison of the drain currents at VG =0 .6 V for models with
(dashed line) and without (solid line) strain effects for a 300 nm long CNT
channel with the diameter of 1 nm at EF = −0.32 eV and T = 300 K.
and strain can both inﬂuence the bandgap of a CNT, and the
total gap Egeﬀ could be either larger or lesser than the ideal
diameter-based calculation Eg, which might cause the transport
to decrease or increase, respectively.
Fig. 4 illustrates that when under certain strain conditions
(χ =0 .1, p =1 , and φ =2 0 ◦), the drain current has been re-
duced due to the bandgap variation.
C. Tunneling Effect
The tunneling effect is also inevitable in the subthreshold
region, which may cause self-consistence potential lowering,
andtherebyworsenthethresholdcharacteristicsofthetransistor.
One simpliﬁed method to describe the tunneling effect is to
introduce a parameter Tt, called the tunneling probability [11],
which is calculated as
Tt ≈
π2
9
e
−(π
√
m∗E 3
g /
√
8q¯ hF) (24)
where F is a parameter that triggers the tunneling under high
electrical ﬁeld [11] and m∗ is the effective electron mass [11].
The tunneling current can then be obtained by Tt timing the
maximum possible tunneling current using
It =
4qkT
h
Tt
M 
m=1
[ln(1 + e(qVDSeff−Eg eff/2−EF )/KB T )
− ln(1 + e(qVDSeff−EF )/KB T )]
max(qVDSeﬀ − Egeﬀ,0)
qVDSeﬀ − Egeﬀ
.
(25)
It can be noted from Fig. 5 that the tunneling current has
increased the total drain current throughout the VDS range, but
the effect only becomes obvious when the bias voltage is get-
ting large and exceed a certain turning point depending on the
coefﬁcients.
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Fig. 5. Comparison of the drain currents at VG =0 .6 V for models with
(circlet line) and without (solid line) tunneling effects for a 300-nm-long CNT
channel with the diameter of 1 nm at EF = −0.32 eV and T = 300 K.
D. Phonon Scattering
For semiconducting CNTs, the scattering effects are related
to the band energy. The effective phonon scattering MFP in a
semiconducting nanotube can be computed by
1
lsc(Vx)
=
1
lap

1 −
1
1+e(EF −qVSC+qVx )/KB T

+
1
lop

1−
1
1+e(EF −qVSC−¯ hωop+qVx )/KB T

(26)
where lap = 500 nm is a typical acoustic phonon scattering
MFP value while lop =1 5nm is a typical optical phonon
(OP) scattering MFP and ¯ hωop ≈ 0.16 eV is a typical OP en-
ergy [20], [21]. It can be noted that at low carrier energy (e.g.,
<0.15 eV), the acoustic scattering dominates, while the optical
scattering is more important at high kinetic energy
TS =
lsc(0)
lsc(0) + L
(27)
TD =
lsc(VDSeﬀ)
lsc(VDSeﬀ)+L
(28)
IDSp =
2qkT
π¯ h
[TSln(1 + eEF −qVSC/kT)
− TDln(1 + eEF −q(VSC+VDSeff)/kT)]. (29)
Equations(27),(28),and(29)aretodescribethescatteringef-
fectsontheI–V characteristics.Fig.6illustratesthatthephonon
scattering effects may limit the transport capability of carriers
in the channel, and hence, restrain the drain current. Different
from (18), the scattering coefﬁcients TS and TD are introduced
in (29) that indicates the effects of the phonon scattering.
It can be seen from previous sections that some nonideal
effects exist when operating a CNT transistor, and therefore,
the transport characteristics becomes nonballistic. There can be
quitealargenumberoffactorsincludingscatteringmechanisms,
Fig. 6. Comparison of the drain currents at VG =0 .6 V for models with
(dashed line) and without (solid line) phonon scattering effects for a 300-nm-
long CNT channel with the diameter of 1 nm at EF = −0.32 eV and T =
300 K.
parasiticcapacitances,andenergybarriersaswell,andthetrans-
portphenomenonsintroducedbeforearejustpartofthem.Some
nonidealities, such as contact junction effects, are also of great
importance.However,moretheoreticalanalysisandmathematic
expressions areneeded beforetheycan beadded intothemodel.
In reality, the nonballistic effects are caused by a number of
factors, including fabrication technologies and materials, etc.
Therefore, it becomes difﬁcult to identify which effect is more
important, and it can be seen that certain effects are dominant
when the related coefﬁcients are of great value in the provided
device. For a model with nonballistic effects introduces before,
thetransportequationcanbetreatedasthesummaryofthetrans-
port current and the tunneling current, which is also reﬂected in
Fig. 2 as the parallel current sources.
By adding (21), (22), (25), and (29) to the original
FETToy MATLAB scripts, we developed an extended model
named FETToy+ [31] that has included the aforementioned
four nonballistic effects in the model. Fig. 7 shows an accuracy
comparison between FETToy and FETToy+ that combines the
effects shown in Figs. 3–6, respectively.
V. PERFORMANCE OF PROPOSED MODEL
For an ideal model with no nonballistic effects, once the self-
consistent voltage VSC is efﬁciently calculated from the closed-
form solutions of (8) after the approximation that yields only
linear, quadratic, or a third-order polynomial relations, the total
drain current can be directly obtained from (6), (7), and (18).
However, when nonballistic transport features are considered,
a more complicated model that includes additional coefﬁcients
and equations is needed. To clarify the distinction and compare
the performance of the proposed models, separate simulations
have been carried out for both ideal and nonballistic scenarios.
A. Ballistic Model
In the ballistic modeling approach, the calculations are ex-
tremely fast, as Newton–Raphson iterations and integration of
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Fig. 7. Comparison of the drain currents at VG =0 .6 V for FETToy (solid
line) and FETToy+ (dashed line) models with 300 nm channel length and 1 nm
diameter at EF = −0.32 eV and T = 300 K.
TABLE I
COMPARISON OF AVERAGE CPU TIME AND MAXIMUM RMS ERROR OF
PROPOSED BALLISTIC MODELS WITH FETTOY
the Fermi–Dirac probability distribution are now eliminated.
Table I shows the average CPU times for proposed models
and FETToy. For accurate measurement, experiments were car-
ried out by invoking all models 100 times. Results show that
splinemodelsaremorethantwoordersofmagnitudefasterthan
FETToy. The extent to which the modeling accuracy was com-
promised by numerical approximation was also measured by
calculatingaveragermserrorsinthesimulations.Here,wechose
the concept of normalized rms error, which is expressed as
normalized RMSE =
n
i=1(ai − bi)2/n
max(ai,b i) − min(ai,b i)
. (30)
Figs. 8 and 9 show the IDS characteristics calculated by
FETToy compared with two spline ballistic models, Model 1
and Model 2 using n =4and n =5points, respectively. As
shown in Table I, both models maintain a high accuracy in
terms of the average rms error. As expected, Model 2 is slightly
moreaccuratewitherrorsnotexceeding1.1%atT = 300 Kand
EF = −0.32 eVthroughoutthetypicalrangesofdrainvoltages
VDS and gate bias VG.
B. Models With Ballistic and Nonballistic Effects
When taking into account the nonballistic effects described
in Section IV, the FETToy model [14], which implements the
purely ballistic transport theory, cannot be used as a reference
for accuracy and speed analysis. By adding (21), (22), (25), and
(29) to the original FETToy MATLAB scripts, we developed
Fig. 8. Drain current characteristics at T = 300 Ka n dEF = −0.32 eV
for FETToy(solid lines) and piecewise approximation using ballistic Model
1 (dashed lines).
Fig. 9. Drain current characteristics at T = 300 Ka n dEF = −0.32 eV
for FETToy (solid lines) and piecewise approximation using ballistic Model
2 (dashed lines).
an extended model named FETToy+ [31], which is capable of
analyzing both ballistic and nonballistic performance of CNTs.
Similarly, the cubic spline model has been enhanced to include
the nonideal effects. The second group of simulations illus-
trate that the drain current may be reduced dramatically due to
the presence of nonballistic effects. We have tested two spline-
basednonballisticmodels,Models3and4withn =4andn =5
spline points, respectively. Figs. 10 and 11 show the simulation
results for FETToy+ and both the spline nonballistic models.
In addition, the accuracy and the speed of the proposed models
have been measured and compared with those of FETToy+,
and results are listed in Table II. It can also be seen that the
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Fig. 10. Drain currentcharacteristics at T = 300 Ka n dEF = −0.32 eV for
aL= 300 nm CNT channel including nonballistic effects for FETToy + (solid
lines) and piecewise approximation using nonballistic Model 3 (dashed lines).
Fig. 11. Drain currentcharacteristics at T = 300 Ka n dEF = −0.32 eV for
a L = 300-nm-CNT channel including nonballistic effects for FETToy+(solid
lines) and piecewise approximation using nonballistic Model 4 (dashed lines).
TABLE II
MAXIMUM RMS ERROR TO FETTOY+ AND AVERAGE CPU TIMES OF SPLINE
MODELS WITH NONBALLISTIC EFFECTS
nonballisticmodelsconsumemoreCPUtimethanballisticmod-
els due to more complicated calculations.
VI. COMPARISON WITH EXPERIMENTAL RESULTS
Additionally, to validate the performance of the pro-
posed models, some reported experimental characteristics were
compared with the simulation results for d =1 .6 nm,t ox =
Fig. 12. Comparison to the experimental results(circlet lines) of the proposed
nonballisticModel4(dashedlines)ford =1 .6 nm,t ox =5 0nm,T = 300 K,
and EF = −0.05 eV.
TABLE III
AVERAGE RMS ERRORS IN IDS COMPARISON TO THE EXPERIMENTAL RESULTS
OF FETTOY MODEL AND THE PROPOSED NONBALLISTIC (NB) MODELS FOR
d =1 .6 NM,t ox =5 0NM,T = 300, AND EF = −0.05 EV
50 nm,T = 300 , and EF = −0.05 eV. Fig. 12 shows that the
proposed cubic spline model with nonidealities obtains drain
current performance close to the experimental measurements
that were derived recently, and provided sufﬁcient information
about the transistor parameters [32]. The n-type CNT transistor
was fabricated with K-doping and grounded back gate in the
reported experiment. Table III shows the corresponding average
normalized rms errors. As it can be seen from the following
table and ﬁgure, both models maintain high accuracy over a
wide-range temperature and Fermi level values for different
CNT diameters with the nonballistic Model 4 being slightly
mode-accurate.
VII. CONCLUSION
A fast and efﬁcient numerical approach to CNT transistor
modeling has been proposed. It allows a straightforward in-
corporation of both ballistic and nonballistic transport effects.
ResultshaveshownthatCPUtimescanbeacceleratedbytwo,or
in some cases three, orders of magnitude compared with the tra-
ditional approach where time-consuming Fermi–Dirac integral
and Newton–Raphson iterations are used. The key advantage
of the presented technique is that it overcomes numerical difﬁ-
culties in the calculation of the drain–source current by allow-
ing a closed-form solution of the self-consistent voltage equa-
tion.NumericalintegrationandNewton–Raphsoniterationsare,
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therefore, avoided, leading to a substantial acceleration in the
model evaluation. The presented model concerns ballistic and
nonballistictransportintheCNTitself.Futureworkinvolvesthe
development of an enhanced CNT transistor model by adding
effectsexternaltotheinnerCNTtransistor,suchastheSchottky
barrier between the CNT and metal contacts, multiple CNTs at
asinglegate,channelfringecapacitances,parasiticsource/drain
resistance, and series resistance due to the scattering effects.
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